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PREFACE

In 1995, NASA GRC initiated efforts to meet the US industry’s rising need to develop jet noise technol-
ogy for separate flow nozzle exhaust systems. Such technology would be applicable to long-range aircraft
using medium to high by-pass ratio engines. With support from the Advanced Subsonic Technology Noise
Reduction program, these efforts resulted in the formulation of an experimental study, the Separate Flow
Nozzle Test (SFNT).  SFNT’s objectives were to develop a data base on various by-pass ratio nozzles,
screen quietest configurations and acquire pertinent data for predicting the plume behavior and ultimately
its corresponding jet noise. The SFNT was a team effort between NASA GRC’s various divisions, NASA
Langley, General Electric, Pratt&Whitney, United Technologies Research Corporation, Allison Engine
Company, Boeing, ASE FluiDyne, MicroCraft, Eagle Aeronautics and Combustion Research and Flow
Technology Incorporated.

SFNT found several exhaust systems providing over 2.5 EPNdB reduction at take-off with less than 0.5%
thrust loss at cruise with simulated flight speed of 0.8 Mach. Please see the following SFNT related
reports:  Saiyed, et al. (NASA/TM—2000-209948), Saiyed, et al. (NASA/CP—2000-210524),
Low, et al. (NASA/CR—2000-210040), Janardan et al. (NASA/CR—2000-210039), Bobbitt, et al.
(NASA/CR—201-210706) and Kenzakowski et al. (NASA/CR—2001-210611.).

I wish to thank the entire SFNT team of nearly 50 scientists, engineers, technicians and programmers
involved in this project. SFNT would have fallen well short of its goals without their untiring support,
dedication to developing the jet noise technology.

Naseem Saiyed
SFNT Research Engineer
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1.0 Summary

This report describes the work performed by
GEAE (GE Aircraft Engines) and AEC
(Allison Engine Company) on NASA Contract
NAS3–27720 AoI 14.3.

The objectives of this contract were to:

1. generate a high-quality jet noise acoustic
database for separate-flow nozzle models
and

2. design and verify new jet noise reduction
concepts over a range of simulated engine
cycles and flight conditions.

Five baseline axisymmetric separate-flow
nozzle models having bypass ratios of 5 and 8
(with internal and external plugs) and eleven
different GEAE/AEC supplied mixing-
enhancer model nozzles (including chevrons,
vortex-generator doublets, and a “tongue”
mixer) were designed and tested in model scale.
Additionally, Pratt and Whitney (P&W) pro-
vided nine mixing-enhancer model nozzles
representing five jet noise reduction devices

(offset-centerline fan nozzle, flipper-tabbed
fan and core nozzles, scarfed fan nozzle, core
full mixer, and core half mixer) into the overall
NASA program effort. The full and half mixer
for the core nozzle were NASA concepts.
Using available core and fan nozzle hardware
in various combinations, 28 GEAE/AEC sepa-
rate-flow nozzle/mixing-enhancer configura-
tions and an additional 24 P&W configurations
were acoustically evaluated in the NASA
Lewis Research Center Aeroacoustic and Pro-
pulsion Laboratory Nozzle Acoustic Test Rig
facility during the March through June 1997
time period.

The acoustic design and measured acoustic
characteristics of GEAE/AEC exhaust systems
are discussed in this report. In addition to
acoustic results, this report describes GEAE/
AEC model nozzle features, facility and test
instrumentation, test procedures, test matrix
summary, and the data acquisition/reduction/
analysis methodology.
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2.0 Introduction

During the 1960’s, significant attention was
directed toward the prediction and reduction of
jet mixing noise. The turbojet and low-bypass
turbofans used for aircraft propulsion during
that era had acoustic signatures dominated by
jet mixing noise produced by the high-speed,
high-temperature exhaust.

Although increasing bypass ratio (BPR) tends
to lower the contribution of the jet as a noise
source relative to the turbomachinery, modern
higher BPR engines continue to generate sig-
nificant farfield jet noise at high-thrust takeoff
conditions. Also, for growth applications
(increased takeoff gross weight) of existing
aircraft such as the Boeing 747, 757, 767, and
777, high-BPR engines that provide increased
thrust are needed. New large engines and
derivatives of existing large engines capable of
producing the needed higher thrust generally
operate with higher fan pressure ratios and
consequently higher fan and core exhaust jet
velocities.

For these reasons, jet mixing noise will con-
tinue to be a significant contribution to engine
acoustic signatures at takeoff power. However,
development of mixing-enhancement devices
would enable airplane/engine growth without
need for costly major engine/nacelle redesigns.

In the AST program, NASA has addressed the
need to reduce jet mixing noise through re-
search into the noise-reduction potential of new
exhaust nozzle designs. An effort was identi-
fied to develop (1) a subsonic separate-flow
nozzle system jet noise database and (2)
concepts for reducing separate-flow jet noise.
NASA Lewis awarded GEAE a contract
(NAS3–27720, AoI 14.3) to design, build, and
test separate-flow exhaust system scale mod-
els, in the BPR range of 5 to 8, that employ
various potential jet noise reduction features in
the form of mixing-enhancement devices.

This NASA test program involved efforts from
NASA Lewis Research Center, GEAE, and
P&W with technical assistance from AEC
(subcontractor to GEAE) and the Boeing Com-
mercial Aircraft Company (subcontractor to
P&W).

GEAE/AEC provided 5 baseline axisymmetric
separate-flow nozzle models (BPR = 5 and 8)
with internal and external plugs and 11 mixing-
enhancer designs consisting of various
chevrons, vortex-generator doublets, and a
“tongue” mixer.

P&W, under contract NAS3–27727 (Task
Order 14.2), supplied nine enhanced-mixing
nozzle models representing five jet noise re-
duction designs (offset-centerline fan nozzle,
flipper-tabbed fan and core nozzles, scarfed fan
nozzle, core full-mixer nozzle, and core half-
mixer nozzle). All P&W hardware was adapt-
able only to the GEAE-provided, BPR = 5,
external-plug, separate-flow, baseline exhaust
system model.

The model test program was conducted in the
NASA Lewis Aeroacoustic and Propulsion
Laboratory (AAPL) Nozzle Acoustic Test Rig
(NATR) facility in the March through June
1997 time frame. Farfield noise measurements
were acquired in this test program. The NATR
was not configured for nozzle thrust measure-
ments for this test program.

This report describes the model test program
that evaluated selected GEAE and AEC jet
noise reduction concepts potentially applicable
to current and future, separate-flow, high-BPR
engine/nacelle exhaust systems. The specific
objectives of this NASA test program are
summarized below:

1. Generate a high-quality jet noise acoustic
database for baseline separate-flow nozzle
models for a range of simulated operating/
flight conditions.
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2. Evaluate and validate (relative to baseline
configurations) noise-reduction concepts
for high-bypass, separate-flow exhaust sys-
tems that could reduce noise in the range of
3 EPNdB for the exhaust jet noise compo-
nent of modern, high-bypass turbofans.

3. Perform limited nearfield noise testing of
selected promising noise-reduction con-
cepts using a Boeing provided phased-array

microphone system in an attempt to locate
major sources of jet noise radiation.

4. Conduct jet plume survey (pressure and
temperature) testing on selected promising
noise-reduction concepts to correlate with
jet noise farfield measurements to further
understand jet noise signatures.

GEAE contracted effort focused on Objectives
1 and 2.
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3.0 Selection of Baseline Nozzles and Mixing-Enhancer
Concepts

Brief descriptions of the selected baseline
nozzles are provided in Section 3.1. Section 3.2
contains a listing of potential mixing-enhancer
concepts that were initially selected by GEAE/
AEC for screening, details of the conducted
computational fluid dynamics (CFD) analysis,
and brief descriptions of the concepts finally
selected for fabrication. Details of the baseline
nozzle and mixing-enhancer hardware are
described in Section 4.

3.1 Selected Baseline Nozzles

McDonnell Douglas, under NASA Langley
Contract NAS1–20103 (Task Order 6 “Sub-
sonic Dual Stream Jet Noise Database”) has
designed a series of high-bypass-ratio, sepa-
rate-flow, scale-model nozzles representing
typical geometry variations of current and
advanced engine exhaust systems. It was
decided to use the aerodynamic flow lines of
some of these generic designs for the baseline
nozzles of this program, and the following
separate-flow exhaust systems were selected:

• BPR = 5.0 with Coplanar Exit

• BPR = 5.0 with Internal Plug

• BPR = 5.0 with External Plug

• BPR = 8.0 with Internal Plug

• BPR = 8.0 with External Plug

• BPR = 5.0 with External Plug and Short Fan
Nozzle (this one was later deleted from the
program)

Bypass ratios of 5 and 8 were selected because
they represent BPR’s of current and growth
product-engine applications The selected
geometry details address key nozzle variables,
and the measured results from this program will
provide a parametric database including depen-
dency on BPR and internal versus external core

plugs. The coplanar-exit nozzle represents a
reference baseline geometry.

The model hardware fabricated under the
Langley/Douglas program for testing in the
Langley JNL facility could not be used directly
in the NASA Lewis AAPL facility because the
flange mountings and the structure of the
AAPL system were not compatible (scale
factor difference of 1.0224).

3.2 Mixing-Enhancer Candidates

At the outset of this program, GEAE/AEC
decided to consider mainly those mixing-
enhancer concepts that had the potential to
provide significant jet noise reduction with
minimal nozzle performance (thrust) loss and
minimal nozzle weight increase. The potential
candidates were also mostly limited to those
that were somewhat easily adaptable to engine
applications.

The initial candidate concepts were selected
based on anticipated ability to enhance mixing
of the higher velocity core jet with the lower
velocity fan stream relative to that of a separate-
flow baseline nozzle. Although, in principle,
enhanced mixing should reduce noise metrics
such as perceived noise level (PNL), it has not
always been so in practical applications.
Increased mixing, in general, has decreased jet
sound pressure level (SPL) at lower frequen-
cies but has also increased SPL at higher
frequencies (References 1–4). The increase in
higher frequency sound levels exacerbates
annoyance (Noy factor) and thus offsets some
of the reduction at frequencies where jet mixing
noise produces peak SPL.

The increase in higher frequency noise has
sometimes been attributed to increased turbu-
lence due to enhanced mixing. To minimize or
avoid the increase in SPL at higher frequencies,
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mixing of the two streams should take place
without significant increase in flow turbulence
intensity. Therefore, most of the mixing candi-
dates that were considered under this program
were concepts that would provide a “gentler”
mixing of the two streams outside and down-
stream of the respective nozzle exits rather than
a “forced” mixing inside the exhaust duct. By
this approach, it was anticipated that the
candidate concept, if successful in enhancing
mixing and thus providing significant noise
benefit, would also impose a minimal
associated performance thrust loss.

GEAE and AEC collaborated to come up with
38 potential concepts for jet mixing enhance-
ment. They are summarized in Table 1. The
concepts included chevrons, flipper chevrons,
chevrons with tabs, tabs, flipper tabs/paddles,
vortex generators, a scarfed nozzle, an elliptic
nozzle, and a “tongue” mixer for core nozzle
application. Chevrons, flipper chevrons, tabs,
vortex generators, a scarfed nozzle, and an
elliptic nozzle were the potential concepts for
fan nozzle application.

Descriptions of the mixing mechanisms pro-
vided by some of these concepts can be found
in References 5–15. Chevrons, tabs, paddles,
scarfed nozzles, and elliptic nozzles provide
additional shear perimeter relative to a sepa-
rate-flow baseline nozzle and thus increase
interfacial mixing area. Chevrons, tabs,
paddles, and vortex generators generate large-
scale, streamwise, counterrotating vortices that
enhance mixing. The idea behind the “tongue”
mixer is to have contoured chutes penetrate the
core flow for forced mixing of core and fan
streams.

To keep the overall test program within scope
and avoid duplication of concepts that NASA
Langley and P&W were considering (flipper
tabs/paddles and scarfed nozzles) in their
respective separate-flow jet noise programs,
the initial GEAE/AEC selection matrix was
trimmed to 30 candidates (see Table 1). Of

these 30 concepts, only chevron and inward
flipper chevron designs were identified for
screening by computational fluid dynamics
(CFD) analysis by GEAE, and the tongue mixer
was identified for CFD analysis by AEC. The
results of CFD analyses of the chevrons, flipper
chevrons, and the tongue mixer are summa-
rized in Sections 3.3 and 3.4 of this report.

3.3 GEAE CFD Analysis of Chevron
Concepts

The primary consideration in the design of the
chevrons was to maintain a continuous flow-
path with no slope discontinuities. The chev-
rons were designed on stringers using a cubic or
quadratic fit between the trailing edge of the
nozzle and the end of the chevron. The end of
the chevron was selected based on the desired
penetration into the core or fan stream. For the
concept analysis, penetration depth was
selected to be one boundary layer thickness.

GEAE performed the CFD analyses of the
selected chevron concepts. All of the analyses
were conducted on the BPR = 5, external plug
exhaust system. A typical takeoff operating
point was selected for the analyses. The pres-
sure ratio and total temperature for the core and
fan streams, respectively were: 1.65/1650°R
and 1.80/665°R. The free-stream Mach number
was 0.29. The following discussions detail the
analysis procedure and summarize the results.

3.3.1 Analysis Procedure

To analyze the potential benefit of the proposed
chevron configurations, a 3D, viscous CFD
analysis of the chevrons was conducted. To
analyze each configuration, PAB3D (devel-
oped and maintained by NASA Langley) was
used. PAB3D solves the 3D thin-layer Navier–
Stokes equations on a multiblock grid using a
variety of turbulence models. It has been
calibrated for and widely used on exhaust
system flows. Details of this code are described
in References 16–18.
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To analyze the chevron configurations, a three-
block grid was used with one block each for the
core stream, fan stream, and free stream. Figure
1 is a meridional view of a typical grid in the
vicinity of the exhaust system. The grid
extended 9 fan diameters radially into the free
stream and 30 fan diameters axially down-
stream of the nozzle exhaust. The grid extended
circumferentially over half of one chevron, so
symmetry boundary conditions were used to
account for the circumferential periodicity of
the geometry and flowfield.

As stated earlier, PAB3D solved the thin-layer
Navier–Stokes equations. For analysis of the
chevrons, the option that couples the j and k
directions (radial and circumferential, respec-
tively) was selected. The Jones and Launder
turbulence model was selected, and the flow-
field was gridded to y+ � 1. Third-order
accurate spatial discretization was used with
the minmod limiter.

3.3.2 Postprocessing

Effectiveness of various chevron configura-
tions was evaluated by examining the PAB3D
solutions in several ways. The circumferen-
tially averaged velocity and turbulent kinetic
energy (TKE) profiles were used to evaluate the
decay of the plume and the transfer of energy

from low frequencies (large-scale plume struc-
ture) to high frequencies (turbulence). Typical
profiles for a 12-chevron core nozzle, separate-
flow configuration are illustrated in Figure 2.
The velocity profiles indicate the mixing of the
core and fan stream and decay of the plume.
The TKE profiles indicate all of the TKE,
initially, is confined to the shear layers that
develop between the core and fan streams and
between the fan stream and the free stream. As
the plume develops, the shear layers become
thicker and grow together. It is interesting to
note that TKE is higher in the fan/free-stream
shear layer than in the core/fan shear layer. This
is consistent with the fact that the velocity
difference between the fan stream and free
stream is greater than that between the core and
fan streams.

Cross-stream cuts through the flowfield were
used to examine mixing effectiveness and to
understand the physical effect of the chevrons
on the flowfield. Typical cross-stream cuts
obtained with the 12-straight-chevron core
nozzle configuration and a 12-flipped-chevron
(into core flow) core nozzle configuration are
shown in Figure 3. The total temperature
contours at the plug trailing edge for the two
configurations are compared in this figure.
Note that for a baseline configuration, with no

Figure 1. Typical Grid Used to Analyze a Chevron Configuration
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chevrons on the core nozzle, the temperature
contours would be circular arcs. The tempera-
ture profiles indicate cross flow of the hot core
and cooler fan streams with core nozzle chev-
rons. The depth of penetration of the streams
appears to be greater with the flipper-chevron
configuration than with the straight-chevron
configuration.

A great difficulty with postprocessing the CFD
results was interpreting the acoustic benefit of
the chevrons. More rapid plume decay should
reduce the strength of noise sources located far
downstream and thus reduce low-frequency
noise. However, higher turbulence near the
nozzle exit could increase high-frequency
noise. If the effect of the chevrons on turbu-
lence was not considered, one would be driven
to designs that maximize plume decay regard-
less of the effect on turbulence and associated
high-frequency noise. Therefore, it is neces-
sary to consider the effect of the chevrons on
TKE production. Since the TKE profile trends
qualitatively appear reasonable, they were
considered in the final comparative analysis of
the various chevron designs. It is recognized
that this introduced some uncertainty into the
quantitative results as the magnitude of TKE is
not a parameter which, to the authors’ knowl-
edge, has been validated against test data for
separate-flow exhaust system plumes.

3.3.3 Analysis Results

Seven chevron configurations were analyzed in
addition to the baseline BPR = 5 external plug
exhaust system. The chevron configurations
analyzed were 8, 12, and 18 straight chevrons
on the core nozzle; 12, 24, and 36 straight
chevrons on the fan nozzle; and 12 flipped (into
core stream) chevrons on the core nozzle. The
chevrons were all placed at equal angular
intervals. All of the chevron configurations
analyzed appeared to have some mixing benefit
relative to the baseline nozzle.

For all configurations, the chevrons had the
same qualitative effect on the flowfield. Each
chevron generated a pair of counterrotating
streamwise vortices. This is shown in Figure 4
for the 12-chevron core nozzle configuration.
These vortices enhanced the transverse convec-
tive transport of mass, momentum, and energy
between the adjacent streams and thus resulted
in more rapid mixing of the plume and faster
decay of the higher speed core jet. An added
benefit of the chevrons is that they reduce, in an
average sense, the gradient between the adja-
cent streams. Since TKE is a strong function of
gradients in the flow, reduced gradients pro-
duce less TKE in the shear layers and therefore
could result in less high-frequency noise.

Based on these analyses, the most promising
configurations were found to be 8 and 12
chevrons on the core nozzle and 12 and 24
chevrons on the fan nozzle. The 8 chevrons on
the core appeared to be better than 12 chevrons
on the core, and the 24 chevrons on the fan
appeared to be slightly better than 12 chevrons
on the fan. The results for the 12 chevrons
flipped into the core stream were inconclusive;
a tremendous plume velocity reduction was
effected, but the configuration also appeared to
generate substantially more TKE. From the
above described CFD results, it was not pos-
sible to definitely determine whether the noise
due to the increased TKE would outweigh the
benefit due to the reduced plume velocities.

3.4 AEC CFD Analysis of Tongue
Mixer

The AEC concept focused on aggressive mix-
ing strategies. The mixer concept, referred to as
a tongue mixer, was modeled using CFD by
AEC.

3.4.1 Numerical Modeling
A 3D, viscous CFD analysis was conducted on
the proposed tongue mixer configuration using
the NPARC analysis code. The NPARC code
(Reference 19), Version 3.0, solves the full,
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Figure 4. Velocity Vectors at the Plug Trailing Edge for 12 Chevrons on the Core Nozzle

three-dimensional, Reynolds-averaged, Navier
–Stokes equations in strong conservation form
using the Beam and Warming approximate
factorization scheme to obtain a block tridiago-
nal system of equations. Pulliam’s scalar penta-
diagonal transformation provides an efficient
solver. The code has several turbulence models
available. The calculations presented in this
study used the Chien low Reynolds number k–�
model. The scheme uses a central difference
approximation. Artificial dissipation is
introduced to eliminate oscillations associated
with the differencing scheme. The code uses
structured, multiple grid blocks. Information is
transferred across grid block interfaces using
trilinear interpolation. The NPARC code has
been used extensively at AEC to predict both
internal and external flows associated with
mixer/nozzle exhaust systems.

3.4.2 Grid generation

The tongue mixer is composed of 12 identical
pairs of chutes or tongues spaced at equal
angular intervals along the circumference. In
each pair, one chute is deflected into the core
nozzle, and the other is aligned with the
undisturbed bypass flow streamlines. This
periodic geometry was exploited to reduce the
computational requirements — resulting in a
grid extending circumferentially between the
centerline and one tongue pair, as shown in
Figure 5. The GRIDGEN code (Reference 20)
was used to generate the computational grid.
The grid consisted of 8 blocks with a total of 1.8
million grid points. Both contiguous and non-
contiguous block interfaces were used. Grid
density near boundaries was sufficient to
resolve boundary and shear layers. The down-
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Figure 48. Spectral Comparison at 60 Degrees, NASA and GEAE Processed Data
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Figure 49. Spectral Comparison at 90 Degrees, NASA and GEAE Processed Data
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